Liposomes can be used for the delivery of drugs in cancer chemotherapy. After i.v. injection liposomes are to a large extent taken up by the mononuclear phagocytic system (MPS). When treating diseases in the MPS, such as the histiocytic syndromes, this property is of potential value for drug targeting and may lead to a more efficient therapy with less systemic toxicity. Teniposide (VM-26) is a potent anti-tumor drug. Its lipophilicity makes it suitable for liposomal formulation. Teniposide liposomes were prepared by dissolving egg phosphatidylcholine and dioleoyl phosphatidic acid (19:l molar ratio) in methylene chloride together with teniposide. After solvent evaporation, the dry lipid film was dispersed in a glucose solution (50 mg/mL), and size calibration was obtained by filtration through polycarbonate filters. The amount of teniposide incorporated was 2.5 mol %. To investigate the organ distribution, teniposide liposomes containing radiolabeled teniposide or phospholipid were given i.v. to mice. By increasing the size of the vesicles, the MPS uptake could be modulated. When vesicles of 200 nm and 1 and 3 pm were injected, the drug levels in the spleen were increased 2.6-, 6.8-, and 21-fold 40 min after injection, compared with levels after injection of the commercial teniposide formulation. It was concluded that organ distribution of teniposide in mice could be modified by administering the drug in liposomal form with the potential of improved treatment of diseases engaging the MPS. The podophyllotoxin derivative teniposide is active against solid tumors such as small cell lung cancer and germinal tumors as well as hematologic malignancies (2, 3), and lipidsoluble drugs such as teniposide can easily be encapsulated within the membrane of liposomes (4) .
The podophyllotoxins are the drugs of choice in the treatment of FHL, a rare childhood disease which affects the macrophages in liver and spleen (5, 6) . Bone marrow toxicity is dose-limiting, and liposomal formulations could improve the therapeutic index of teniposide. Liposomal teniposide therapy might also be of value for other malignant and autoimmune disorders involving phagocytic cells. The purpose of this work was to prepare and evaluate teniposide liposomes in an attempt to achieve enhanced drug uptake in the MPS. Mice were used for drug distribution studies. Preparation and characterization of liposomes. Liposomes were produced in small batches the day before use in animal experiments. The phospholipids, PC, 138 mg, and phosphatidic acid, 6.2 mg (19:l molar ratio), were dissolved in 10 mL methylene chloride together with teniposide, 2.9 mg. The radiolabeled teniposide or PC was added to the solvent. After evaporation, the dry lipid film on the inside walls of the flask was dispersed in 8. Teniposide concentrations in the preparations were determined by reversed phase high performance liquid chromatography using a Spherisorb Phenomenex mini-bore column eluted with methanol/water/acetic acid (30:69:1). Detection was performed fluorometrically, hexcitation/emission = 2301 330. The 14c or 3~ radioactivity in the preparations was determined by P-counting using a Packard Tri-Carb 460C liquid scintillation system. The mean diameter of the 1-and 3-pm liposomes was measured by laser diffraction with a Mastersizer, Malvern Instruments (Malvern, UK), and the size of the 200-nm liposomes was measured by dynamic light scattering at a fixed angle of 90" using an Autosizer IIc, Malvern Instruments (Malvern, UK). The unilamellar structure of the vesicles has been verified with cryo-transmission electron microscopy as previously described (8) .
METHODS

Chemicals
Preparation of radiolabeled teniposide. Radiolabeled teniposide was obtained by dissolving [14~]teniposide in methanol and evaporating to dryness under nitrogen in a glass tube. The commercially available teniposide solution, Vumon, containing cremophore, was used to solubilize the radiolabeled teniposide. Vumon, 290 p L (teniposide concentration 10 mg/mL), was added, and the tube was vortexed for 5 min. The mixture was diluted with glucose solution (50 mg/mL) to 8.8 mL. The teniposide concentration in the solution was 365 pg/mL. The phase equilibrium in the solubilization system was not expected to be affected by the very small addition of teniposide. However, to minimize the risk of precipitation of teniposide crystals, the solution of radiolabeled teniposide for administration of free drug was prepared immediately before use.
Animal study. The experiments were approved by the local ethics committee for animal studies and performed as previously described by Masquelier et al. (9) . Female With double labeling the fate of both drug and lipid could be followed in the same animal. By dividing radioactivity in the samples with the injected amount of radioactivity per gram body weight of the mice, the results from the different experiments could be compared.
RESULTS
In the attempts to optimize the amount of teniposide possible to incorporate into our liposomes, druglipid molar ratios of 1-15% were studied. The recovery of teniposide was >90% when the teniposide molar ratio was up to 7%. Stability tests were performed on liposomes extruded twice through double 200-nm polycarbonate filters. Drug crystals occurred if the teniposide content was 3% or higher. With 2 mol % teniposide the liposomes could be stored at +8OC for 3 mo without formation of drug crystals as judged from the results of filtration through 1-pm polycarbonate filters without significant loss of teniposide and from microscopic examination in polarized light. The mean liposome diameter was 200-300 nm and the size distribution was homogenous, reproducible, and stable. The liposomes were stable for at least 3 mo in PBS, pH 7.4, and in glucose, 50 mg/mL.
During the filtration procedure for liposome production the size distribution approached the size of the pores with number of passages through the filter. Figure 1 illustrates how the number of passages affect mean liposome size using a 3-pm polycarbonate membrane. After four filtrations the size is rather homogenous with a mean diameter of 3.5 pm, and 95% of the liposomes are below 7 p m (volume distribution), which means smaller than the red blood cells.
To evaluate the in vivo distribution of teniposide liposomes we used mice and injected the commercial formulation of teniposide, Vumon, as a reference. The liposome preparations injected were identical in phospholipid and drug content and labeled with either radioactive teniposide, radioactive phosphatidyl choline, or both. The teniposide content was 2.5 mol %. The plasma clearances of free teniposide and the five various liposomal formulations are shown in Figure 2 distribution phase the slope of the elimination curves of liposoma1 teniposide approaches that of the free drug. The terminal half-life cannot be accurately determined from these data.
The organ distribution of radiolabeled teniposide administered in liposomes was different from that of the free drug. The distribution to liver, spleen, lung, and heart 60 min post i.v. injection of free teniposide, 1-and 3-pm [14~]teniposide liposomes is illustrated in Figure 3 . Especially the drug levels in the spleen increased considerably. Liposomes of 200 nm and 1 and 3 p m produced a 2.6-, 6.8-, and 21-fold increase in splenic concentrations of teniposide 40 rnin post injection compared with administration of free drug. Drug levels in the liver were generally high, and the accumulation in lung and heart was low.
Liposome size affects splenic uptake. Figure 4 shows the drug distribution in the spleen post injection of free teniposide by injected amount per gram of body weight of the mice. One animal was used for free teniposide, two for 1-pm liposomes, and three for 3-pm liposomes. Bars show the standard deviation. 
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DISCUSSION
Successful anti-cancer chemotherapy is often impaired by the narrow therapeutic index of the cytotoxic drugs. Liposomes have been used as carriers for drug targeting to tumors. The biggest drawback has been MPS uptake. In disorders involving the MPS, advantage can be taken from this property hopefully leading to more effective treatment. Liposomal encapsulation of anti-cancer drugs changes the pharmacokinetics and, in the case of doxorubicin, reduces toxicity (10) . Several different cytotoxic drugs have been successfully incorporated into liposomes (11, 12) , and the reason for using teniposide was because of its major activity in the treatment of FHL and other hematologic malignancies (2, 5, 6) . Up to 10 mol % teniposide has previously been incorporated into phosphatidylcholine liposomes (13, 14) , but no in vivo data have been published.
To determine the maximum amount of teniposide possible to incorporate we used drugllipid molar ratios of 1-15%. During storage the teniposide formed crystals if the drug content was too high. After 2 mo only 50% of the drug was left in liposomal form if 3 mol % teniposide was used. Drug loss from the liposomes containing 2% teniposide was negligable. Size stability of the preparations was good, and no aggregation occurred during storage in refrigerator (8°C) for 3 mo.
After injection in mice the distribution of free teniposide to the extravascular binding sites was very rapid, and after 5 min only 10% of the injected dose remained in the plasma. The plasma clearance of liposome-encapsulated drug was slightly delayed and most pronounced with the largest liposomes (3 pm). Clearance of the labeled phosphatidyl choline was slower, and this reflects tissue distribution of the lipid component of the liposomes.
By increasing the size of the liposomes the clearance rate by the MPS increased. This is well illustrated by the splenic uptake of teniposide 40 min post injection. When administered in 200-nm and 1-and 3-pm liposomes, the accumulation in the spleen was enhanced 2.6-, 6.8-, and 21-fold, compared with free teniposide. After 60 min the difference was even higher, and splenic levels after administration of teniposide in 3-pm liposomes was 39 times higher than after injection of free drug. Drug levels in the liver were high in all cases, inasmuch as it is a target organ for liposomes. Free teniposide is also accumulated in the liver and excreted in the bile (15) . Distribution of radiolabeled phosphatidyl choline to liver and spleen was considerably higher, indicating a different distribution of the lipid component compared with teniposide. Lipids with a higher phase transition temperature such as disteaoryl phosphatidyl choline and a more multilamellar structure might have a better ability to protect the drug from leakage from the liposomes (4, 16). Previously we have tried to use cholesterol and disteaoryl phosphatidyl choline in teniposide liposomes, but these lipids impaired the incorporation of drug. The discrepancy in our results between radioactive drug and radioactive phospholipid suggests the leakage of teniposide into the blood, alternatively the transfer of phospholipid from liposomes to plasma lipoproteins as previously described (17) . In the present study the fate of the phospholipid differs from that of the drug. This illustrates how the choice of label affects the results when studying the effect of carriers on the in vivo distribution of drugs.
Bone marrow suppression is the dose limiting toxicity for teniposide. The extent of transcapillary transport of liposomes across the discontinuous capillaries in the bone marrow has not yet been determined (4) . However, there is no transcapillary transport of liposomes larger than 200 nm in diameter through the discontinuous capillaries of the liver.
In a whole-body autoradiographic study the distribution of teniposide to the bone marrow was lower when it was administered in 3-pm liposomes compared with free teniposide (Vumon), suggesting less bone marrow toxicity (15) .
In conclusion, the liposomal formulations change the pharmacokinetic behavior of teniposide. Particularly the distribution to the spleen is enhanced suggesting MPS uptake. Teniposide liposomes can possibly provide a more efficient therapy, with less toxic side effects, of certain histiocytic syndromes like FHL. Malignant histiocytosis, true histiocytic lymphomas, monocytic leukemias, and certain autoimmune disorders with a hyperactive phagocyte system such as idiopatic thrombocytopenia are other conditions that might benefit from treatment with teniposide liposomes.
